This paper explores the use of a variety of carbon nanoparticles to impart electrical, thermal conductivity, good frictional properties to silicon nitride matrices. We used the highly promising types of carbon as carbon nanotubes, exfoliated graphene and carbon black nanograins. A high-efficiency attritor mill has also been used for proper dispersion of second phases in the matrix. The sintered silicon nitride composites retained the mechanical robustness of the original systems. Bending strength as high as 700 MPa was maintained and an electrical conductivity of 10 S/m was achieved in the case of 3 wt% multiwall carbon nanotube addition. Electrically conductive silicon nitride ceramics were realized by using carbon nanophases. Examples of these systems, methods of fabrication, electrical percolation, mechanical, thermal and tribological properties are discussed.
Introduction
he processing of new materials with extreme mechanical, thermal and electrical properties is of great technological interest. Ceramics based on silicon nitride are well-known as low density materials with high strength and toughness. With these combination of properties silicon nitride based ceramics are an ideal candidate for several structural applications, even at high temperatures. Lately, by in-situ tailoring the microstructure, new observations were performed on structural and morphological development on silicon nitride ceramics in order to understand the governing principles of sintering processes. 1, 2) In this way, through formation of tough interlocking microstructure mechanical properties may be improved. Intensive research work has been done to improve physical and mechanical properties of silicon nitride ceramics through nanocomposite processing.
3) To increase the fracture toughness, incorporation of various energy-dissipating components into ceramic matrices have been performed.
4)
These components can be introduced in whisker, platelets, particles or fibre forms. 5) Depending on processing route micro/nano or nano/nano type microstructures can be synthesised. Many recently developed preparation routes were determined to produce ceramic matrix composites with superior technological characteristics. 6) Although diamond and graphite have been well known for centuries, nanosized allotropes of carbon such as fullerenes, nanotubes and lastly graphene have been only discovered in our time. The monolayer graphene is one atom thick sheet composed of hexagonal structure of carbon atoms, however graphene samples with two or more layers are being investigated with equal interest. This two dimensional material has been characterised by exceptional electrical, mechanical and thermal properties. [7] [8] [9] [10] [11] It had been turned out that electrons to move ballistically in graphene layers with a mobility which can be exceed 200,000 cm 2 V −1 s −1
. Beside that the graphene were found to have unique thermal conductivity: even 5300 W/ mK. In addition it has superior mechanical properties with Young's modulus of approximately 0.5-1.0 TPa. Interestingly, despite of their non-perfect structure, even suspended graphene oxide sheets retained almost a Young's modulus of 0.25 TPa. These values indicate that graphene can be applied as an excellent reinforcement to ceramic materials.
Therefore, it is expected that the addition of graphenebased materials will significantly improve the properties of different matrices, such as polymer, metal and ceramic. There has been significant effort to use graphene in polymer composites. Ramanathan et al. 12) reported that functionalized graphene sheets are well suited to form composites with polymers such as PMMA, PAN and PAA. This nanofiller offers properties that are equal to or better than those of singlewall carbon nanotubes (SWCNTs). Although there are only few reports on the use of graphene in ceramics, recently Fan et al. 13) have prepared graphene nanosheets reinforced alumina matrix composites. The electrical conductivity of that composite outperformes the conductivity of the Al 2 O 3 /carbon nanotube composites. The research of ceramic composites incorporated with carbon-based fillers has focused on carbon nanotubes (CNTs) until now. In the last decade various CNT-reinforced ceramic systems have been developed and improved properties of these composite materials have been reported in a number of works. Carbon nanotubes-metal-ceramic nanocomposites (metal: Fe, Co, Ni; ceramic: Al 2 O 3 , MgAl 2 O 4 and MgO) have been prepared by hot pressing by Peigney et al.. 14) In that work the nanotube bundles grown in situ, however it had not caused significant improvement in mechanical properties. Only modest improvements of mechanical properties were reported in CNTs reinforced silicon carbide 15) and silicon nitride matrix composites.
16,17)
However significant increase in bending strength and fracture toughness has been achieved in CNTs reinforced alumina matrix composites. [18] [19] [20] [21] In contrast to this another research group have not found increments in toughness, but significantly improved contact-damage for these composites. 22) Considerable high increase of electrical conductivity has been achieved in carbon nanofibers-zirconia composites 23) and CNTs reinforced silicon nitride matrix composites. 16, [24] [25] [26] Beside that it was found that carbon nanotubes can influence the thermal conductivity 27) and the friction coefficient 28) in silicon nitride composites. Very soon it turned out that the main difficulty in composite preparation seems to be the achievement of the suitably homogenous dispersion of CNTs in the matrices because this material have preference for agglomeration in a matrix. Moreover, it is also important to achive a good densification of the components and to avoid the high degradation of the nanofillers. It can be mentioned that colloidal processing can help the formation of highly dispersed ceramic /CNTs composites as it was found in alumina 29) and silicon nitridebased matrices.
30) It was showed that with carbon nanostructure (CNT, graphene) inclusions to ceramic matrices new emerging technologies are foreseen and cab be established.
38-48)
In this review, the silicon based composites with different carbon additives prepared by milling and sintering techniques were studied. The preparation and properties of silicon nitride composites, the effect of carbon additives on micro-and nanostructure, and the effect of carbon nanotubes on mechanical properties are presented.
Experimental Procedure
The starting materials used in experiments were as follows: 90 wt% Si 3 N 4 (Ube, SN-ESP), as well 4 wt% Al 2 O 3 (Alcoa, A16) and 6 wt% Y 2 O 3 (H.C. Starck, grade C). These mixtures were milled in high efficient attritor mill (Union Process, type 01-HD/HDDM) equipped with zirconia agitator delta discs (volume of 1400 cm 3 ) and zirconia grinding media (diameter of 1 mm) in a 750 ml silicon nitride tank. Each batch contained zirconia as contamination from media and discs. 31, [33] [34] [35] 2.1. Preparation of Si 3 N 4 / CNT composites The starting powder mixture had reinforcing second phase 3 wt% MWCNT (d=10-20 nm, l=8-10 µm, produced at Department of Applied and Environmental Chemistry of the University of Szeged, Hungary), SWCNT (singlewall carbon nanotube, Nanocyl, Belgium), were added to modify the electrical properties of the basic ceramic matrix. The composite powder mixtures were milled in Union Process type attritor (4000 rpm, 5h). Hot isostatic pressing (HIP-ABRA type) was used for sintering. Polyethylene-glycol (PEG) was added to powder mixtures. The batches were sieved through 150 µm mesh. Green samples were obtained by dry pressing at 220 MPa. An oxidation procedure was applied, at very low heating rates up to 400 o C, to eliminate the PEG. The sintering procedure was performed at 1700 o C and 20 MPa pressure applied for 3 h in high-purity nitrogen gas, and using BN embedding powder. The heating rate did not exceed 25 o C/min. The dimensions of the as-sintered specimens were 3.5 mm × 5 mm × 50 mm. o C in high purity nitrogen by a two-step sinter-HIP method using BN embedding powder at 20 MPa, with 3 h holding time. The heating rate did not exceed 25 o C/min. The dimensions of the as-sintered specimens were 3.5 mm × 5 mm × 50 mm.
Preparation of Si

Characterization techniques
The structure of ceramic composites was investigated by scanning (LEO XB) and transmission electron microscopy (TEM) using a Philips CM-20 (200 kV) microscope and by high resolution electron microscopy (HREM) using a JEOL 3010 (300 kV) microscope.
To determine electrical conductivity four point DC (direct current) resistance measurement was applied. During the measurement the sample was being excited through the two outside contacts by DC signal while the voltage between the two inner contacts was detected. For choosing the measurement range of the equipment resistance of the contacts has to be considered. This resistance was determined on the basis of a simply two points method. The specific conductivity of the sample was calculated on the basis of Ohm law.
16)
AC measurements, a phase sensitive 'lock-in' complex impedance measurements were also carried out, 100 Hz-100 kHz frequency range we applied. Mechanical properties of samples, the elastic modulus and four points and the three-point bending strength were determined by a bending test with spans of 40 and 20 mm. The density of the sintered materials was measured by Archimedes method.
Tribological testing was carried out on High Temperature Tribometer THT, by CSM, Switzerland, using ball-on-disc technique. Sliding speed of 10 cm/s and loads of 1 N and 5 N were applied. In the case of Si 3 N 4 based composites the friction partners were commercial silicon nitride bearing balls (6 mm diameter), the sliding speed was 10 cm/s and 0.5, 1.5, 2.5 and 5 N loads were applied. Testing was done on air, at room temperature in dry conditions.
The wear tracks were measured by a stylus profilometer (Mitutoyo SJ-201) on three or more places, the average trough cross section area was calculated and subsequently the volume of the removed material was estimated. The wear rates were then expressed as the volume loss per distance and load (mm 3 /mN) and compared for all material systems.
28)
Results and Discussion
The structural investigation by TEM confirmed that the high efficient attritor milled powder comprised of ~ 200 nm crystallites and dispersed carbon nanostructures (Fig. 1 ). In Fig. 1 (a) the dispersed multi-walled carbon nanotubes in the ceramic powder mixture may be observed. The nanotube radius is ~ 50 nm. Fig. 1(b) shows the SEM image of Si 3 N 4 /SWCNTs composite. The characteristic morphologies of the 3 wt% MLG (multilayer graphene) added silicon nitride composite can be seen in Fig. 1(c) . This particular MLG has 0.3-0.4 µm in length and thickness of approximately few 10 nm. In Fig. 1(d) the TEM image is showing the MWCNTs (marker with white arrows) between crystalline grains and in insert at higher magnification.
Results about the morphology of fracture surfaces of HIP processed samples are presented in Fig. 2(a) . After sintering the MWCNTs are preserved in the structure. Some degradation of nanotubes may occur during sintering, 31, 36) but it was not observed in this case. The MWCNTs are located mainly in the inter-granular places and they are well attached to the silicon nitride grains. As can be observed, the MWCNTs in most of the cases are in groups, they can be found as nano-or micrometer sized islands in the matrix after sintering (Fig. 2(a) ). XRD measurements of Si 3 N 4 / MWCNTs sintered composite are presented in Fig. 2(b) . The main lines of β-Si 3 N 4 (JCPDS-PDF 33-160) and ZrO 1.96 (JCPDS-PDF 81-1546) lines can be recognized. The α-Si 3 N 4 to β-Si 3 N 4 phase transformation was completed. In Fig. 3 (a) the SEM investigation of fracture surfaces of sintered samples with 3 wt% SWCNT prepared at 20 MPa can be seen. After the sintering the SWCNTs are preserved in the structure. The SWCNTs are located mainly in the inter-granular places and they are well joined to the silicon nitride grains. The XRD measurement confirmed the complete α-Si 3 N 4 to β-Si 3 N 4 phase transformation (Fig. 3(b) ).
The main lines of β-Si 3 N 4 (JCPDS-PDF 33-160) and ZrO Fig. 4 . First, a general view about the characteristic fracture surface is shown (Fig. 4(a) ). As can be observed in Fig. 4(a) , well-developed β-Si 3 N 4 grains (with length 1-3 µm) evolved during the hot isostatic pressing. More detailed views about the characteristics of fracture surface and microstructure are shown in Fig. 4(b)-(d) . In some parts, web-like connected MWCNTs can be found in the structure, but individual MWCNTs, properly attached to β-Si 3 N 4 surfaces can also be observed (Fig. 4(b) ). It was shown in an earlier study that MWCNTs can serve as ideal crystallization sites for β-Si 3 N 4 grains during the complex liquid phase sintering process.
34) An atomistic approach is probably needed to explain the enhanced interconnection between carbon nanotubes and silicon nitride grains. As can be observed in an explicit manner (in Fig. 2(b)-(d) ), the MWCNTs influenced the growth process of the silicon nitride grains. Transversal and longitudinal marker lines can be noticed on the silicon nitride surfaces as they contacted the carbon nanotubes during growth (white arrows in Fig. 4(c) ). Incorporated MWNTs in the middle of the silicon nitride grains evidently serving as seeds for crystal growth can also be observed in Fig. 4(d) . Carbon nanotubes showed good contact to the silicon nitride grains, and may serve as crystallization sites and seeds for silicon nitride grains. In most cases, interconnected nanotube groups could be observed, therefore the dispersion of MWCNTs should be further improved. The structure of sintered silicon nitride based ceramic at 1700°C and at 20 MPa is shown in Fig. 5(a) . The sample consisted of ~300-400 nm nanocrystalline grains. The porosities were occured between silicon nitride grains. The MWCNTs were found to be located in the porosities. The HREM investigation of β-Si 3 N 4 /MWCNTs interface showed that the nanotubes are oriented quite uniformly (Fig. 5(b) ).
The MWCNTs between β-Si 3 N 4 grains had two orientations, horizontal and perpendicular to the plane of the section.
Mechanical properties
The mechanical properties (e.g. modulus of elasticity and four point bending strenght) of Si 3 N 4 based ceramics with different addition of carbon nanotubes showed a clear interdependence on the apparent density of nanocomposites (Fig. 6) . The modulus of elasticity values are higher for nanocomposites with MWCNTs addition sintered at 2 or 20MPa than for SWCNTs addition (Fig. 6(a) ). For nanocomposites sintered at 2 MPa, this value is between 170 and 190 GPa. Modulus of elasticity is highest for nanocomposites with MWCNTs sintered at higher pressure (20 MPa), ~190-220 GPa depending on the apparent density. By increasing gas pressure from 2 MPa to 20 MPa the similar level of densification and higher strength values can be achieved for composites with 3% MWCNT comparision with 3% SWNCT addition (Fig. 6(b) ).
Electrical measurements of Si 3 N 4/ MWCNT
The examined composites can be grouped into insulator and conductor types as resulted from four points DC resistance measurements. Nanocomposites that overloaded our measurement system (10MΩ measurement limit) can be considered as insulator because their resistance was not measurable. These nanocomposites were: basic ceramics without any type of additives, samples that contains 1 wt% graphite, MWCNT, samples with 5 and in some cases 10 wt% graphite.
The other groups of composites are considered to be conductor because of the contact and grouping of the additives. As the electrical conduction takes place through the paths that are made by linked conductive phases these materials behave like percolative conductors. The percolation threshold was observed in composites with 3 wt% and 5 wt% MWCNT and 10 wt% for graphite. The specific conductivity range of the composites according to type, concentration of additives, sintering technique and type of matrix is shown in Fig. 3 .
Composites with graphite additives have the worst electrical conductivity because of the size and shape of the mixed graphite grains. In case of MWCNT additives the observed higher conductivity with lower carbon nanotube addition needs further investigations. We think that between the nodules only few current paths maybe involved in conductivity process because of the nodulation of the MWCNTs. In case of higher MWCNT content it is more likely that agglomerated MWCNTs occur and it is not sure that they are connected (not shown). Furthermore the crystallization and grain growth of β-Si 3 N 4 particles may inhibit the bridging of MWCNTs. The 3 wt% SWCNT added composite has electrical conductivity as high as ~15 S/m.
45)
Thermal properties of Si 3 N 4 /MWCNT composites
Thermophysical properties of samples were tested with The specific heat increased with temperature as expected from the Debye theory. The thermal diffusivity decreased over the entire temperature range. Typical for phonon conductors is a maximum value in the thermal conductivity nearly at room temperature. This trend can clearly be seen at both of samples. The thermal conductivity values in the case of the sample with 3 wt% MWCNT are slightly higher than the values of the reference sample. The phonon scattering is successfully hindered by CNT entangled networks at grain boundaries covering the silicon nitride grains.
36)
The standard deviation of 5 shots at each temperature was less than 1%.
Tribological behaviour of Si 3 N 4 /MWCNT composites
Tribological behaviour of carbon nanotube containing composites with Si 3 N 4 matrices was studied by pin-on-disk technique in unlubricated conditions. Coefficients of friction and wear rates were measured, wear damage mechanisms were observed and identified. The resulting tribological behaviour was related to microstructure and mechanical properties. The coefficient of friction decreased with increasing amount of CNTs. The wear resistance in most cases decreased but for Si 3 N 4 -CNT composite a certain optimum (~5 wt% CNT) was found. Fig. 8 shows examples of development of the friction coefficient over the test running distance at 1.5N. In all cases was friction after short initial stage (in order of meters) rather stable and reproducible. Self-mated wear of monolithic silicon nitride was studied in various situations and can be summarized both in terms of the friction coefficient (Fig. 8 , values 0.7- /N.m). Fig. 9 summarizes the average values of friction for all materials. The Si 3 N 4 based materials exhibited higher friction due to chemical similarity of both friction partners, particularly for low CNT contents. Here, the COF started to decrease only when the CNT content reached ~5 wt%. In Si 3 N 4 -10%CNT the COF values dropped to ~0.2. Fig. 10 shows the wear rates of various materials at different loads. Generally, the presence of CNT tends to decrease the wear resistance due to less than optimal microstructure. However, for the silicon nitride based composites there was found a sort of an optimum for fractions of around 5% CNT, where the wear resistance improved to the levels typical for the much harder monolithic Si 3 N 4 , probably thanks to the significantly reduced friction. Then, for Si 3 N 4 -10%CNT the wear reached values similar to those for Si 3 N 4 -1%CNT.
Higher amount of CNTs was necessary to achieve effective results for Si 3 N 4 . A sort of optimum was found (e.g. Si 3 N 4 -5 wt % CNT) where the wear rate was similar to that of monolithic material but with much lower coefficient of friction.
3.6. Si 3 N 4 /Graphene composites Different type of multilayer or few-layer graphene were used as reinforcement material for ceramic matrices. In this current work multilayer graphene (MLG) nanosheets were prepared by mechanical milling method.
38) For many applications this process can be a simple and efficient way for graphene production. In brief commercial graphite powder (Aldrich) has been milled intensively in high efficient attritor mill in presence of ethanol for 10 h.
In comparision another graphene-based materials were included to this study: exfoliated graphite nanoplatelets (xGnP-M-5 and xGnP-M- 25) 40) and nano graphene platelets (Angstron N006-010-P).
41)
The scanning electron micrographs of MLG graphenebased materials can be seen in Fig. 11 . Thus 1 or 3 wt% of these additional materials were mixed with the silicon nitride-based composite with low rotational speed, 600 rpm for 30 min. Starting compositions of sintered samples can be found in Table 2 .
The characteristic morphologies of the 1 wt% MLG (multilayer graphene) added silicon nitride composite can be seen in Fig. 12 . On the fracture surface of the sintered material the homogeneous distribution of the MLG additives can be observed in Fig. 12(a) as it is shown by arrows. Some porosity can be also observed in this scanning electron micrograph. In Fig. 12(b) a well connected MLG layer is presented with 0.3-0.4 µm length and thickness of approximately 10 nm. This layer is embedded in β-Si 3 N 4 grains and indicate a good contact with silicon nitride matrix. It is worth to mention that it is difficult to find thin sheets (below 50 nm) on the fracture surfaces because they are hard to identify in a SEM micrograph. The fracture surfaces with 3 wt% graphene additions were investigated by SEM. The local environment of the distributed graphene nanoplatelets are shown by white arrows (Fig. 13(a) ).
The structural investigation by the help of X-ray diffraction of the sintered samples are presented in Fig. 13(b) . The diffraction peaks of β-Si 3 N 4 (JCPDS-PDF 33-1160) and Fig. 13(b) .
Homogeneous distribution of the MLG additives on the fracture surface of the sintered specimens could be observed. SEM investigations showed that graphene sheets with approximately 10 nm in thickness may be observed embedded to silicon nitride matrix. The graphene platelets have been found to induce porosity in matrix. This may cause the deteriation of mechanical properties. Elastic modulus and four point bending strength of Si 3 N 4 /MLG composites are presented in Table 3 .
It seems that the appropiate separation of the agglomerated graphene platelets in matrix has to be the key objective of the further works. Good connection between matrix and additions and decreasing the porosity should be achieved. In this work the key mechanical properties of graphene added silicon nitride-based ceramic composites have been investigated. The bending strength and elastic modulus of composites showed enhanced values compared to the other graphene reinforced silicon nitride ceramic composites.
38)
These results can be explained by not only the type and quality of the starting materials, but by the dispersion grade of graphene having direct impact to resulting density of the sintered compacts.
Distribution of CNTs, MLGs in Si
The dispersion properties of mechanically exfoliated few layer graphene flakes within the silicon nitride ceramic matrix have been compared with those of multi-walled carbon nanotubes. Small angle neutron scattering (SANS) experiments have been involved to provide information on the dispersion of the nano-scale carbon fillers throughout the entire volume of the samples. The neutron scattering data revealed a strikingly different distribution pattern for graphene and nanotubes in the ceramic matrix. While carbon nanotubes were found to be present mainly in the form of small aggregate structures, few-layer graphene flakes have been uniformly dispersed, under the same processing conditions.
The small angle neutron scattering have been found to be one of the global non-distructive method for differenciation of silicon nitride composites with different carbon additions. Here, we have performed neutron scattering measurements on graphene and nanotubes reinforced silicon nitride samples. The measured scattering intensities as a function of scattering wave vectors [Q = (4π/λ) sin Θ, where 2Θ is the scattering angle] are plotted on a log-log scale in Fig. 14 MWCNT and FLG composites. In the case of interest for us, the scattering intensity obeys a power law behavior I(Q) Q -α with the α exponent providing information on the dimensionality of the scatterers. This exponent can also be a noninteger for disordered systems. In the disordered case the noninteger fractal dimension of the system is given by D = α, for α = (1,3) , or D = 6 α for α = (3,4) in the case of surface fractal behavior. The scattered intensity at small angles is proportional to the square of the contrast between the scattering length densities of the Si 3 N 4 matrix and car- bon nanostructures. In order to separate the scattering originating from the carbon fillers from other inhomogenity sources (e.g. pores), we have performed SANS measurements also after the carbon fillers have been burnt out of the samples. In Fig. 1 the intensities of the corresponding burned-out samples have already been subtracted form the plotted intensities. Thus the resulting intensity plots are governed only by the scattering of the neutrons on the carbon nanostructures dispersed in the ceramic host chemphys.
As apparent from the plots in Fig. 14 , the scattering intensities are following a power law behavior for both FLGs and CNTs, although, characterized by substantially different slopes -the slope value providing information on the morphology of the scattering centers. Small angle neutron scattering (SANS) spectra of Si 3 N 4 /MWCNT and Si 3 N 4 / graphene composites displaying a power law behavior, although characterized by significantly different decay rates (exponents) of Q = −2.7 for MWCNT and Q = −3.4 for graphene (Fig. 14) .
The recent SANS on CNT dispersions in solutions and polymers, it is known that slope values between −2 and −3, are characteristic to disordered 3D nanotube networks. 42) In our case this mesh size is about 50 nm, which indicates a dense network.
43)
The SANS measurements on Si 3 N 4 /graphene composites display a substantially different decay exponent of −3.4. This value is not only quantitatively different from the −2.7 exponent measured for nanotubes. This value reveals a qualitative difference as it corresponds to scattering on a surface fractal, 44) rather than a mass fractal observed for multi-walled CNTs. This surface fractal behavior presented of corrugated 2D graphene sheets demonstarting that fewlayer graphene flakes have been uniformly dispersed, under the same processing conditions. The observed dispersion properties have also been correlated with the mechanical properties of the resulting composites.
Conclusion
Silicon nitride based nanocomposites have been prepared with different carbon addition of multi-wall cabon nanotubes (MWCNTs), single-wall carbon nanotubes (SWCNTs) and multilayer graphene (MLG). The structural, mechanical, thermophysical, electrical, tribologycal properties of the carbon reinforced ceramic composite have been investigated. Homogeneous distribution of the carbon additives on the fracture surface of the HIP sintered specimens can be observed. SEM investigations confirmed that MWCNTs, SWCNTs and MLG were embedded to silicon nitride matrix. The carbon addition was found to induce porosity in matrix. This may cause the deteriation of mechanical properties. Further experiments are needed to explore the electrical, thermal and tribological behaviour of carbon nanophases added Si 3 N 4 composites.
